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A search for new physics has been carried out in the channelpp ! gg 1 EyT , as expected in
various supersymmetric models. We require two photons with transverse energyE

g
T . 12 GeV and

pseudorapidityjhgj , 1.1. The distribution of missing transverse energy (EyT ) is consistent with
background and no events haveEyT . 25 GeV. We set limits on production cross sections for selectron,
sneutrino, and neutralino pairs, decaying into photons, which range from about 400 fb to 1 pb depending
on the sparticle masses. A general limit of 185 fb (95% C.L.) is set onsspp ! ggEyT 1 Xd, where
E

g
T . 12 GeV, jhgj , 1.1, andEyT . 25 GeV. [S0031-9007(97)02738-5]

PACS numbers: 14.80.Ly, 12.60.Jv, 13.85.Rm
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We have searched for new physics in the channelpp !
ggEyT 1 X (whereEyT denotes missing transverse energy
This was motivated by recent suggestions that low-ene
supersymmetry (SUSY) may result in signatures invol
ing one or more photons together with missing tran
verse energy. Such signatures could arise from the de
x̃

0
2 ! x̃

0
1 g in models with a light neutralino [1,2], from

the decayx̃0
1 ! G̃g in supergravity models with a light

gravitino [3], or in models of gauge-mediated supersym
metry breaking [4–7]. It is suggested that the cross s
tions might be sufficient to lead to several tens of even
in present data, making signals easily detectable. Rec
theoretical interest stems from a desire to explain a sin
eegg 1 EyT event observed by the CDF collaboration [8

For this analysis, data corresponding to an integrated
minosity of93.3 6 11.2 pb21, recorded during 1992–1995
with the D0 detector [9], were used. Photons were ide
tified using the uranium-liquid argon sampling calorime
ter, which covers the region of pseudorapidityjhj  j 2

ln tanu

2 j & 4. The electromagnetic (EM) energy resolutio
is sEyE  15%y

p
EsGeVd © 0.3%. The EM calorimeter

is segmented into four longitudinal sections, and tran
versely into towers in pseudorapidity and azimuthal a
gle, of sizeDh 3 Df  0.1 3 0.1 (0.05 3 0.05 at shower
maximum). Drift chambers in front of the calorimete
were used to distinguish photons from electrons and p
ton conversions. A three-level triggering system was e
ployed. The first level used scintillation counters ne
the beam pipe to detect an inelastic interaction; the s
ond level summed the EM energy in calorimeter towers
sizeDh 3 Df  0.2 3 0.2. The third level was a software
trigger which formed clusters of calorimeter cells and a
plied loose cuts on the shower shape.

Events were selected which had two photon candidat
each with transverse energyE

g
T . 12 GeV and jhg j ,

1.1. Each cluster was required to pass photon-select
requirements [10], namely, to have a shape consistent w
that of a single EM shower, to have more than 96%
its energy in the EM section of the calorimeter, and to
isolated. The latter was based on the transverse ene
Eiso

T in the annular region betweenR 
p

Dh2 1 Df2 
0.2 and R  0.4 around the cluster, requiringEiso

T ,

2 GeV. Candidates were rejected if the cluster was near
azimuthal module boundary, if there was a track (or
significant number of drift-chamber hits) in a tracking roa
Du 3 Df  0.2 3 0.2 between the cluster and the vertex
if the invariant mass of the photon pair was between 80 a
100 GeVyc2 (to reject misidentifiedZ ! ee events), or if
the azimuthal angle between the two photons was less t
90± (to reduce the background fromWg production and
radiativeW ! eng decays, with the electron misidentified
as a photon). The beam pipe of the Main Ring accelera
passes through the outermost layer of the calorime
Losses of accelerated particles from the Main Ring c
lead to energy deposits in the calorimeter and thus
spurious missing transverse energy. To eliminate t
source of background theEyT was required to have an
2072
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azimuthal separation20±, Df , 160± from the Main
Ring. To eliminate events where theEyT was due to
mismeasured jet energy, it was also required to ha
an azimuthal separationDf , 160± from either of the
leading two jets (providedE

jet
T . 12 GeV).

These selections yielded 842 events, whoseEyT distri-
bution is plotted in Fig. 1. No events are observed wit
EyT . 25 GeV. The resolution of the detector inEyT is
about 4 GeV for diphoton final states passing these kin
matic selections.

The dominant background to diphotons with largeEyT

arises from QCD events where jet or vertex mismeasur
ment leads to excessEyT . Therefore, starting with the
same trigger and dataset, a background sample was
lected which was expected to suffer from the same mi
measurements. Two EM clusters, satisfying the sam
kinematic and fiducial cuts as the signal, were require
Both were required to have more than 90% of their en
ergy in the EM section of the calorimeter. At least on
of the two EM clusters was required to fail the strict pho
ton isolation criterion (Eiso

T , 2 GeV) but both were re-
quired to haveEiso

T , 5 GeV; at least one of the clusters
was required to have a bad shower shape, and both w
required to have either no track in the road, or a trac
with a bad match to the cluster. Electron backgrounds a
evaluated separately. The resulting sample was expec
to contain both QCD multijet events where two jets fluc
tuated into highly EM clusters, and theEyT was due to
mismeasurement; and QCD photon1 jets events, where
one photon was real and the other a fluctuated jet, a
theEyT was again due to mismeasurement. This selecti
yielded 1678 events. The distribution was normalized
the gg sample over the rangeEyT , 20 GeV to estimate
the background at higherEyT . The resulting number of
events expected withEyT . 25 GeV is1.0 6 0.7.

FIG. 1. Distribution of EyT for gg data (shaded histogram),
and for the total expected background (black circles).
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Processes such asW ! en, t ! eX, and eventt ! eX
contain genuineEyT and an electron whose track may b
lost. If these are combined with a real or fake photo
as apparentggEyT 1 X signal can result. Again, starting
with the same trigger and dataset, a sample ofeg 1 X
events was selected, having two EM clusters satisfying
same kinematic and fiducial cuts as the signal; both of
clusters were required to pass the strict photon selec
(isolation, shower shape, EM fraction); one of the tw
clusters had to have exactly one drift chamber track
the road, with a good match to the cluster, and the ot
cluster had to have no associated drift chamber hits
track. These selections yielded 321eg 1 X events. To
estimate the contribution of such events to theggEyT 1 X
signal, it is first necessary to remove the QCD backgrou
component from theeg 1 X candidate sample. This wa
done by normalizing these two distributions in the regi
of low missing transverse energy (EyT , 20 GeV), then
subtracting the QCD distribution from that of theeg 1 X
candidates. The resulting distribution was then multipli
by the ratio of probabilities for a genuine electron
be reconstructed as a photon or as an electron, wh
is estimated (fromZ ! ee events) to be0.14 6 0.01 for
the selection criteria used here. The resultingeg 1 X
contribution to theggEyT 1 X sample is estimated to b
1.1 6 0.1 events.

The total expected background is shown in Fig. 1, a
agrees well with the observed data. There is no evide
for nonstandard sources ofgg events. The expected num
ber of background events withEyT . 25 GeV is2.0 6 0.9
and none is observed. If we extend the pseudorapi
coverage for photons tojhgj , 2.5, we observe only one
event withEyT . 30 GeV, with an expected backgroun
of 4.6 6 0.8.

Simulated supersymmetry events were generated u
theISAJETMonte Carlo, version 7.20 [11]. The events we
then processed through the detector simulation, trig
simulation, and the reconstruction software. One thous
events were generated for each of the processes and
combinations listed in Table I. For the sneutrino-pa
events, parameters were selected to keep the char
mass large enough so that the decayñ ! x̃

6
1 , remained

kinematically forbidden. In all cases the decayx̃
0
2 ! x̃

0
1 g

was forced. The meanEyT and the mean photonET in these
events is typically,mx̃

0
2

2 mx̃
0
1
, so we will primarily be

sensitive to cases where this mass difference exceeds a
20 GeVyc2. Both photons are usually produced central
motivating our requirement thatjhg j , 1.1.

The product of signal acceptance and efficiency,
estimated from these Monte Carlo samples, is typica
0.05–0.10 formx̃

0
2

2 mx̃
0
1

* 20 GeVyc2. In addition to
the Monte Carlo statistical error, a systematic uncertai
of 8% has been included (based on the level of agreem
between Monte Carlo and data-based estimates of
photon selection efficiencies).

Upper limits on the allowed cross sections for th
processpp ! x̃x̃ were evaluated, based on no even
e
n,

he
he
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being observed forEyT . 25 GeV. (This range ofEyT is
found to maximize the significance of the Monte Carlo
supersymmetry signals, given the observed backgrou
distribution.) Herex̃  ẽ, ñ, x̃

0
2 , with subsequent decays

ẽ, ñ ! x̃
0
2 andx̃

0
2 ! g 1 x̃

0
1 . No background contribution

was subtracted. The results are shown in Table I an
Fig. 2. The 95% C.L. upper limits range from abou
400 fb to 1 pb for the cases withmx̃

0
2

2 mx̃
0
1

$ 20 GeVyc2.
The results quoted above are somewhat model depe

dent. They are also difficult to relate to the light gravitino
scenario of [4] and [6]. A general limit on final states with
similar topologies has therefore been derived. It is foun
that, providedmx̃

0
2

2 mx̃
0
1

$ 20 GeVyc2, the acceptance
for events with two photons havingE

g
T . 12 GeV and

jhg j , 1.1, and with measuredEyT . 25 GeV, is inde-
pendent of the production processsẽẽ, ññ, x̃

0
2 x̃

0
2 d and the

sparticle masses (see Fig. 2). The acceptance3 efficiency
is 0.183 6 0.016. (This includes a diphoton acceptance
and topological cut efficiency of 0.55, an identification ef
ficiency per photon of 0.75, an azimuthal acceptance
0.78 for theEyT , and an efficiency of 0.79 for theEyT not to
lie too close to a jet direction). The resulting limits are

ss pp ! ggEyT 1 Xd , 185 fb s95% C.L.d

, 140 fb s90% C.L.d ,

where E
g
T . 12 GeV, jhg j , 1.1, and EyT . 25 GeV.

These limits are stricter than those placed on th

TABLE I. Upper limits on pair production cross section (95%
C.L.) obtained for each of the Monte Carlo samples generat
for this analysis, based on zero observed events. (A· · · in the
limits column indicates that there were insufficient acceptanc
for a limit to be set on this combination of masses.)

Masses (GeVyc2) s (95% C.L.)
Process ẽ ñ x̃

0
2 x̃

0
1 (pb)

ẽẽ 100 · · · 90 50 0.715

ññ · · · 70 50 30 0.995
· · · 70 60 30 0.805
· · · 70 60 50 · · ·
· · · 80 65 55 21.6
· · · 80 70 60 20.8
· · · 90 70 65 · · ·
· · · 90 80 65 2.13
· · · 90 80 70 54.7
· · · 100 90 70 0.765
· · · 100 90 80 4.65

x̃
0
2 x̃

0
2 · · · · · · 60 30 0.715

· · · · · · 60 40 0.935
· · · · · · 70 30 0.555
· · · · · · 70 40 0.68
· · · · · · 70 50 1.03
· · · · · · 80 30 0.471
· · · · · · 80 40 0.610
· · · · · · 80 50 0.750
· · · · · · 90 40 0.424
· · · · · · 90 50 0.478
2073
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FIG. 2. Upper limits on pair production cross sections (95%
C.L.) plotted as a function of neutralino mass difference. Th
decayx̃

0
2 ! g 1 x̃

0
1 was forced (see text).

pair-production cross sections (Table I) because typica
only 25%–50% of the supersymmetry events satisfy the
kinematic requirements. Comparisons with Fig. 3 and
in Ref. [6] shows that this limit is sufficient to rule out a
large fraction of the proposed parameter space for lig
gravitino models.

In obtaining this limit we used our simulated super
symmetry events to estimate the efficiency loss due
the relative azimuthal angle requirement between theEyT

and the leading two jetssEj
T . 12 GeVd. In the simu-

lated events there was an average of 1.2 jets per event w
E

j
T . 12 GeV. For final states with higher jet multiplicity

we would expect a small additional loss of efficienc
s,10%d due to the exclusion of additional azimuth.

To summarize, a search for signals of new physic
has been carried out in the channelpp ! ggEyT 1 X.
This signature is expected in various recently propos
supersymmetric models. We observe 842 events w
two photons havingE

g
T . 12 GeV andjhg j , 1.1. Of

these, none haveEyT . 25 GeV. The distribution of
EyT is consistent with that of the expected backgroun
We therefore set limits on production cross sections f
2074
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selectron, sneutrino and neutralino pairs decaying in
photons and noninteracting particles; limits range from
about 400 fb to 1 pb, depending on the sparticle masse
A general limit of 185 fb (95% C.L.) may also be set
on ss pp ! ggEyT 1 Xd, whereE

g
T . 12 GeV, jhg j ,

1.1, and Ey . 25 GeV. This is sufficient to exclude a
considerable fraction of the parameter space of recen
proposed models.
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